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Virus infection in vitro can either result in a cytopathic effect (CPE) or proceed without visible changes in 
infected cells (noncytopathic infection). We are interested in understanding the mechanisms controlling the 
impact of coronavirus infection on host cells. To this end, we compared a productive, noncytopathic infection 
of murine hepatitis virus (MHV) strain A59 in the fibroblastlike cell line NIH 3T3 with cytopathic MHV 
infections. Infected NIH 3T3 cells could be cultured for up to 4 weeks without apparent CPE and yet produce 
virus at 10’ to 10° PFU/ml. Using flow cytometry, we demonstrated that NIH 3T3 cells expressed as much MHV 
receptor CEACAM1 as other cell lines which die from MHYV infection. In contrast, using quantitative reverse 
transcription-PCR and metabolic labeling of RNA, we found that the rate of viral RNA amplification in NIH 
3T3 cells was lower than the rate in cells in which MHV induces a CPE. The rate of cellular RNA synthesis in 
contact-inhibited confluent NIH 3T3 cells was also lower than in cells permissive to cytopathic MHV infection. 
However, the induction of cellular RNA synthesis in growing NIH 3T3 cells did not result in an increase of 
either viral RNA amplification or CPE. Our results suggest that a specific, receptor CEACAM1-independent 
mechanism restricting coronaviral RNA synthesis and CPE is present in NIH 3T3 and, possibly, other cells 


with preserved contact inhibition. 


Coronaviruses belong to the Coronaviridae family in the 
Nidovirales order. Coronavirus infections can follow different 
scenarios in vivo, as well as in vitro, suggesting complex and 
diverse interaction with their hosts. Viral genome expression 
and molecular mechanisms of virus-host interaction have 
mostly been studied in the context of efficient coronavirus 
replication in a lytic infection of cultured, transformed cells. 
Cytopathic infection with one of the best-studied coronavi- 
ruses, murine hepatitis virus (MHV), causes drastic changes in 
the cellular infrastructure (20, 36) and metabolism (14, 37, 44) 
and results in cell death. Coronavirus infection in vitro can 
take a different course and exhibit limited or no cytopathic 
effect (CPE) or virus-induced cell death. Productive noncyto- 
pathic infections have been described for primary cells or rel- 
atively differentiated cell lines infected with coronaviruses 
MHV (19, 21, 27), human coronavirus OC43 (1), human coro- 
navirus 229E (2), and severe acute respiratory syndrome 
(SARS) coronavirus (5). Sturman and Takemoto reported that 
MHV infection of the mouse BALB/3T3 cell line produced 
high yields of virus but showed little CPE within 1 day postin- 
fection (p.i.) (40). Mouse embryo fibroblast BALB/3T3 cell 
lines are obtained in such a way that the cells exhibit the 
contact inhibition that is characteristic of nontransformed cells 
in vivo (41). The coronavirus CPE became pronounced when 
BALB/3T3 cells were transformed, either spontaneously or by 
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infection with oncogenic viruses (40). Which mechanisms or 
host factors prevent CPE and virus-induced cell death in non- 
transformed cells remains unknown. 

The best-studied host factor participating in coronavirus in- 
fection is the coronavirus receptor which determines the coro- 
navirus host range. The exogenous expression of a receptor in 
cells originally resistant to infection renders the cells suscepti- 
ble to the respective coronavirus (10, 23, 43). The easy switch 
of host specificity by providing a proper receptor suggests that 
other host factors required for coronavirus replication are 
present in many cells. However, not all cells expressing the 
appropriate receptor can be efficiently infected by a coronavi- 
rus. SARS coronavirus did not replicate in human colorectal 
adenocarcinoma cell lines LS-180 and SW620, which expressed 
the SARS coronavirus receptor ACE2 in higher quantities 
than the susceptible cell line LoVo (5). Mature and immature 
dendritic cells expressing similar amounts of the MHV recep- 
tor CEACAM1 were infected by MHV with different efficien- 
cies, immature dendritic cells being much more resistant (48). 
Besides mediating virus entry, MHV receptor CEACAMI1 
plays a role in the CPE development by promoting cell-to-cell 
fusion. In addition, the accumulation of the intracellular com- 
plexes of the receptor with the MHV spike glycoprotein were 
shown to be cytotoxic (29). 

The postentry steps of coronavirus replication start with the 
translation of the 27- to 32-kb-long genome RNA (gRNA). 
Two large, overlapping open reading frames (ORFs) occupy- 
ing two-thirds of the coronavirus genome encode two polypro- 
teins which are processed by viral proteinases into 14 to 16 
nonstructural proteins. The majority of these proteins have 
predicted or proven functions in viral RNA synthesis (see 
reference 33). Viral RNA synthesis proceeds by the replication 
of gRNA and the transcription of a 3’-coterminally nested set 
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of subgenomic RNAs (sgRNAs). These sgRNAs are translated 
into accessory proteins and proteins that constitute virus par- 
ticles. Currently, not much is known about host factors that 
participate in the intracellular steps of virus replication (see 
references 11 and 18). The ubiquitin-proteasome system was 
shown to facilitate MHV strain JHM infection, but not strain 
A59 (MHV-AS9) infection (46). Several cellular proteins, like 
hnRNP Al, (22), PTB (15), SYNCRYP (8), mitochondrial 
aconitase (25), and poly(A)-binding protein (39), have been 
shown to bind to coronavirus RNA. Modulation of the expres- 
sion levels or expression of mutant hnRNP Al, PTB, and 
SYNCRYP affected viral RNA replication, indicating that 
these host factors are required for efficient viral RNA synthesis 
(7, 8, 35). 

We are interested in understanding the mechanism that con- 
trols the impact of coronavirus infection on host cells. This 
study compared a productive noncytopathic infection of MHV- 
A59 in the NIH 3T3 cell line with cytopathic infections of the 
same virus in several other murine cell lines. We found that 
noncytopathic infection was accompanied by reduced amplifi- 
cation of viral RNA. Our results suggest that a host factor 
present in NIH 3T3 cells and, possibly, other cells with pre- 
served contact inhibition restricts coronaviral RNA abundance 
and, consequently, the CPE. 


MATERIALS AND METHODS 


Cells and viruses. Mouse fibroblastlike NIH 3T3, L929, and myoblast C2C12 
cells were obtained from the American Type Culture Collection (ATCC) (ATCC 
numbers CRL-1658, CCL-1, and CRL-1772, respectively). Mouse fibroblastlike 
17Cl 1, L, Sac(-), and astrocytoma DBT cells were obtained from P. Rottier’s 
laboratory in Utrecht, the Netherlands. All cell lines were grown with Dulbecco 
modified Eagle medium (DMEM) supplemented with 100 units/ml of penicillin, 
100 g/ml of streptomycin, and 8% fetal calf serum (FCS). After infection, cells 
were incubated in the same medium with the same antibiotics but with 3% FCS. 
Cells were passaged every 3 days, the NIH 3T3 cells by the transfer of 3 x 10° 
cells into a new 75-cm? flask and the other cell lines by being split at ratios of 1:10 
to 1:30. MHV-A59 was obtained from the ATCC (38). MHV-GFP (green fluo- 
rescent protein) (originally named SasoREGrp by the authors) (31), a recombi- 
nant MHV-AS59 virus which encodes GFP in sgRNA4, was a kind gift from S. 
Weiss. 

Virus titration and infectious center assay. Viral titers were determined in 
PFU/ml on L cells and in 50% tissue culture infectious dose per ml (TCID,,/ml) 
on L, NIH 3T3, and DBT cells. In the TCIDs, assay, wells with infected cells 
were scored at day 3 p.i. L and DBT cells were scored for CPE. Productive 
infection of NIH 3T3 cells was detected by inoculating the medium on L cells. 
The TCIDs, was calculated by the method of Reed and Muench (29a). The 
infectious center assay was done as described previously (24). 

Viral infection and RNA isolation. Subconfluent monolayers of L, DBT, and 
NIH 3T3 cells, seeded the day before, were washed once with phosphate-buff- 
ered saline (PBS) and inoculated with MHV-A59 in DMEM-3% FCS. After 1 h 
at 37°C, the inoculum was removed, the cells were washed twice with PBS, 
DMEM with 3% FCS was added, and the cells were incubated at 37°C. At the 
indicated time points, the medium was collected to determine virus titers and 
total RNA was isolated from the monolayer by using TRIzol reagent (Gibco 
BRL) as recommended by the manufacturer. The RNA concentration was de- 
termined spectrophotometrically. 

INT mRNA and viral RNA analysis. Quantitative reverse transcription-PCR 
(RT-qPCR) was performed as described previously (44) with the addition of 
DNase I treatment of the RNA prior to the reverse transcription. One set of 
primers specific for the MHV-A59 3’ untranslated region was used for the 
detection of total viral RNA (g+sgRNA). Another set, specific for a locus in 
MHV-AS9 orf1b, was used for the detection of gRNA only. On the basis of the 
RT-qPCR results, the rate of viral gRNA amplification was calculated as 
the cube root of the ratio of the gRNA amount at 6 and 3 h p.i. It reflected the 
number of molecules that one molecule yields in 1 h. The induction of immedi- 
ate-early interferons (INT) was examined with primers specific for the mRNA of 
INTo4 and INT (44). For Northern analysis of viral RNA, 4 yg of total cellular 
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RNA was separated in a 1% denaturing agarose gel containing 1.1 M formal- 
dehyde, 10 mM MOPS, 5 mM sodium acetate, and 1 mM EDTA, pH 7.5. Viral 
RNA was detected by in-gel hybridization with a **P-labeled oligonucleotide 
complementary to nucleotides 31226 to 31245 of the MHV-A59 genome. Bound 
radioactivity was detected by using phosphoimager technology (Molecular 
Imager; Bio-Rad). 

Metabolic labeling. For viral RNA labeling, cells were MHV or mock infected 
as described above. At 1 h p.i., 1 g/ml actinomycin D was added to the medium, 
followed by the addition of [*H]uridine (Amersham) at a concentration of 50 
w.Ci/ml at 3, 5, 7, and 9 h p.i. For cellular RNA and protein labeling, NIH 3T3 
cells were incubated in the presence of either [*HJuridine (20 j.Ci/ml) or *°S- 
ProMix (50 pCi/ml; Amersham). After 1 h of incubation with a radioactive label, 
the cells were lysed in PBS containing 1% Triton X-100, 1% sodium dodecyl 
sulfate. Labeling was performed in duplicate, and the amount of acid-insoluble 
radioactivity was determined by scintillation counting. 

Cell death assay. Cell death was determined by measuring the activity of 
adenylate kinase (AK) released from dying cells into the culture medium by 
using a ToxiLight BioAssay (Cambrex) according to the manufacturer’s protocol. 
The FCS that was used to supplement the culture medium in this assay was 
incubated for 15 min at 56°C in order to reduce background AK activity. The AK 
activity, measured in relative units, was corrected for the background level and 
normalized to 10° cells. 

Flow cytometry. Cells infected with MHV-GFP were trypsinized at 6 and 12h 
p.i., fixed in PBS with 3% paraformaldehyde, and analyzed by flow cytometry. 
For CEACAM1 staining, cells were seeded as for an infection experiment. The 
next day, cells were harvested by mild trypsinization and 10° cells were incubated 
with CC1 monoclonal antibody to CEACAM1 (kindly provided by K. Holmes) 
and subsequently with the second goat anti-mouse immunoglobulin G antibody 
conjugated with fluorescein isothiocyanate. An autofluorescence control was 
prepared by omitting the first antibody from the incubation. The fluorescence 
intensity of the 10* to 2 x 104 cells was analyzed by using a FACSCalibur (Becton 
Dickinson) and CellQuest Pro software. The proportion of cells expressing 
CEACAM1I was determined by subtracting the histogram of the control from 
that of CEACAM1-stained cells and calculating the ratio of the resulting cell 
number and the total number of analyzed cells. The relative density of the 
receptor on the cell surface was calculated as a ratio of the mean fluorescence 
intensity of CEACAM1-positive cells and the autofluorescence control. Staining 
and analysis were repeated at least twice for each cell line, with two replicates in 
each experiment, and the means and standard deviations of the results were 
calculated. 


RESULTS 


Productive noncytopathic MHV infection in NIH 3T3 cells. 
For our study of host cell-virus interactions that control cyto- 
pathicity, we selected MHV-A59 and the continuous fibro- 
blastlike NIH 3T3 cell line, following a previous report of a 
noncytopathic infection of MHV in 3T3 cells (40). No CPE or 
cell death were detected in the NIH 3T3 cells within the first 
24 h of infection. (Fig. 1A). At days 2 to 4 p.i., small syncytia 
could be observed within the monolayer. The density of the 
infected cell culture, however, was similar to that of the mock- 
infected control. Next, we infected NIH 3T3 or L cells, in 
which MHV causes a rapid CPE (Fig. 1A), with a range of viral 
doses (0.01 to 100 PFU per cell) and determined virus titers in 
the first 24 h. Despite the contrasting fates of the two infected 
cell lines, the kinetics of virus production were similar for all 
doses tested (Fig. 1A, B). Infection of NIH 3T3 cells developed 
into a productive, persistent infection without noticeable cell 
death. The infected cells constantly produced high titers of 
virus (107 to 108 PFU/ml) and could be maintained for at least 
1 month without splitting (Fig. 1C). In the mock- and MHV- 
infected NIH 3T3 cell cultures, a number of cells were dying 
and detaching from the surface, but both monolayers main- 
tained similar densities throughout the observation period of 1 
month. 

To gain insight into the mechanism that controls the infec- 


VOL. 82, 2008 


NIH 3T3 


INTRACELLULAR RESTRICTION OF CORONAVIRUS INFECTION — 453 


B 10 
0 PFU/cell 
NIH 3T3 
€ 8 y= 8 —e— 0.01 
£ A 
=] A —s— 0.1 
a 6 1 6 +1 
S —*— 10 
~~ @ . —e— 100 
2 T 1 1 1 r H+ 1 1 2 1 
4 6 8 10 12 24 4 6 8 10 12 24 
Time p.i. (h) Time p.i. (h) 
Cc 
E 
> 
We 
S 
S 
Te) 
6 
2 : 1 : : : 1 1 : 
0 4 8 12 16 20 24 28 32 
Time p.i. (days) 


FIG. 1. Appearance of the monolayers and MHV-AS9 yields in NIH 3T3 and L cells. (A) Appearance and densities of mock- and MHV- 
infected cells (magnification, x70). Infection in L cells resulted in the formation of large syncytia (10 h p.i.), with complete destruction of the 
monolayer at 24 h p.i. (B) At 4, 5, 6, 8, 10, 12, and 24h p.i., the incubation media of NIH 3T3 and L cells infected with a given dose of virus were 
replaced and viral production was determined by titration on L cells. The detection threshold of the titration was 10? PFU/ml. Symbols show 
multiplicity of infection. (C) Virus production in persistently infected NIH 3T3 cells. A monolayer was infected with 0.1 PFU/cell and maintained 
as a Stationary culture without splitting. Arrows indicate days when incubation medium was replaced with a fresh one. 


tion outcome, we compared the expression of virus-encoded 
proteins and the kinetics of viral RNA accumulation in NIH 
3T3 and L cells. First, we infected both cell lines with 10 PFU 
per cell of MHV-GFP (31) and determined the levels of GFP 
expression by flow cytometry. Notwithstanding similar kinetics 
of virus production, at 6 h p.i., only 7% of the NIH 3T3 cells 
were GFP positive, whereas 60% of L cells expressed GFP 
(Fig. 2A). At 12 h p.i., when the virus production by the NIH 
3T3 cells was higher than that of the L cells at 6 h p.i., only 17% 
of the GFP-expressing NIH 3T3 cells were detected, which was 


still 3.5 times lower than in the L cells at 6 h p.i. An accurate 
flow-cytometry analysis of infected L cells at 12 h p.i. was not 
possible due to the pronounced cell-cell fusion at that time. 
Similar results were obtained when NIH 3T3 and L cells were 
analyzed by fluorescent microscopy for their expression of the 
viral structural proteins (data not shown). The expression of 
virus-encoded GFP was not only limited to a smaller fraction 
of the cell population but was also delayed, as illustrated by a 
threefold difference in mean GFP fluorescence intensity per 
NIH 3T3 or L cell at 6 h p.i. (Fig. 2A). 
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FIG. 2. Virus-encoded proteins and viral RNA in NIH 3T3 and L cells. (A) Percentages and mean fluorescence intensities of GFP-positive cells 
(in parentheses) are shown within representative dot plots of flow cytometry results. On the x axis is GFP fluorescence intensity, and on the y axis 
is forward light scatter (FSC), representative of cell size. (B) Relative amount of viral RNA in 1 ng of total cellular RNA was determined by 
RT-qPCR and is presented in relative units (RU). qPCR was performed in triplicate. Bars that mostly fit within symbols show standard deviations. 
NIH 3T3 and L cells were infected with 10 PFU/cell of MHV-GFP (A) or MHV-AS9 (B). 


Next, we compared the kinetics of viral RNA accumula- 
tion in NIH 3T3 and L cells. The cells were infected with 10 
PFU per cell, and the relative concentrations of viral RNA 
were determined by RT-qPCR. The similar amounts of viral 
RNA associated with the NIH 3T3 and L cells at 1 h pi. 
were consistent with the same dose of virus being used to 
infect the two cell cultures (Fig. 2B). The amplification of 
gRNA and of g+sgRNA was first detected in the NIH 3T3 
cells at 4h p.i., which was 1 h later than in the L cells. After 
3h p.i., the abundance of both gRNA and g+sgRNA in the 
NIH 3T3 cells was always at least eight times lower than the 
respective RNA abundance in the L cells. The largest dif- 
ference in viral RNA concentrations in the two cell lines, 
24-fold for both g+sgRNA and gRNA, was achieved at 6h 
p.i. The comparison of the results for the NIH 3T3 cells at 
12 h p.i. and for the L cells at 6 h p.i. showed that the former 
cells contained 3.3-fold and 2.3-fold less g+sgRNA and 
gRNA, respectively. We conclude that the relatively low 


abundance of viral RNA templates in the NIH 3T3 cells was 
likely to be the underlying cause of the reduced expression 
of viral proteins in these cells. 

We investigated whether INT induction was responsible for the 
limited viral replication in the NIH 3T3 cells. No induction of 
immediate-early INTa4 or INTB mRNA was detected in infected 
NIH 3T3 cells examined by RT-qPCR at every hour between 1 
and 6h p.i. and at 8, 10, 12, 18, and 24 h pie 

These results showed that NIH 3T3 cells were permissive to 
MHV and produced high yields of virus. MHV infection 
caused, however, very limited CPE and cell death in this fibro- 
blastlike cell line. Despite high virus production, the virus 
genome expression had slower kinetics and was limited to a 
smaller proportion of the NIH 3T3 culture than in the cells 
with cytopathic MHV infection. This restriction of infection in 
NIH 3T3 cells was likely to take effect at the early steps of the 
viral life cycle, resulting in a decreased accumulation of viral 
RNA. 


VoL. 82, 2008 


Cell count 

am C2012 
0 

140 DBT 
0 

140 

17Cl 1 

0 

i NIH 3T3 
0 

140 ‘i 
0 

L929 
0 

140 Sac(-) 
0 

109 101 102 103 


Fluorescence intensity 


104 


INTRACELLULAR RESTRICTION OF CORONAVIRUS INFECTION 455 
CEACAM1- Relative CPE 
positive CEACAM1 
cells (%) density 

FEZ 24 41 - 
2644 4941.3 + 
3142 3.4+40.1 + 
43 +11 5.9 +3.2 - 
5347 4642.9 + 
78 +13 2.7 40.1 + 
97 +1 2044.3 + 


FIG. 3. CEACAM1 expression in mouse cell lines. Expression of CEACAM1 on cell surface was determined by staining cells with anti- 
CEACAM1 monoclonal antibody CC1 and using flow cytometry. Representative histograms are shown. Proportion of CEACAM1-positive cells 
and relative CEACAMI density on positive cells were calculated as described in Material and Methods. CPE was registered at 24 h p.i. in cells 


infected with MHV-A59 (10 PFU/cell). 


CEACAM1 expression. The restriction of MHV infection in 
NIH 3T3 cells could be due to a low abundance of the MHV 
receptor CEACAM1, which would limit virus entry and spread 
and CPE development. Therefore, we compared the levels of 
CEACAM1 expression on the surface of NIH 3T3, L, DBT, 
17Cl 1, L929, Sac(-), and C2C12 cell lines. L, DBT, 17Cl 1, 
L929, and Sac(-) cells are susceptible to a cytopathic, produc- 
tive MHV infection. C2C12 cells, when infected with a range of 
virus doses (1 to 100 PFU/cell), produced relatively low virus 
titers (10* to 10° PFU/ml) and showed no CPE at 24 h p.i. The 
cells were stained with fluorescent antibody to CEACAM1 and 
analyzed by flow cytometry. Except for L929 and Sac(-) 
cells, the flow cytometry histograms of cells stained for 
CEACAM1 overlapped considerably with the autofluores- 
cence control histograms (Fig. 3). It made it impossible to 
discriminate between the possibility that cells in the over- 
lapping part of the histogram were positive, but at low 
levels, and the possibility that only a fraction of the cells 
with a fluorescence signal higher than in the control were 
positive. For comparison, we used a formal procedure of his- 
togram subtraction to get a minimal estimate of CEACAM1 


expression and calculated the proportion of cells expressing 
CEACAM1 and the relative density of the receptor on the 
cell surface. It is worth noting that the CEACAM1 expres- 
sion level, in terms of both the percentage of positive cells 
and the relative receptor density, was not strictly constant 
(see standard deviation values in Fig. 3). The receptor ex- 
pression varied from passage to passage or between cells in 
the same passage but grown with different batches of me- 
dium and FCS. The variation in the levels of CEACAM1 
expression within the given range did not change the out- 
come of MHV infection in these cell lines. The lowest num- 
ber of CEACAM1-positive cells (7%) was found in C2C12 
cells. The low level of receptor expression in these cells is 
likely to contribute to the low viral yields and absence of 
CPE in these cells. NIH 3T3 cells, with an average of 43% 
CEACAM1-expressing cells, were within the range of the 
other cell lines, which develop rapid CPE (26 to 97%). The 
relative density of the receptor on the surface of receptor- 
expressing NIH 3T3 cells (average, 5.9) was also within the 
range of the densities on other cell lines which are killed by 
MHV (2.7 to 20). The difference in CEACAM1 expression 


456 SLOBODSKAYA ET AL. 


A 


—e— NIH 3T3, 10 PFU/cell 
—a-—L, 1 PFUlcell 


10° 
105 
104 


108 


102 
10! 
10° 
10" 


Viral g+sgRNA (RU) 


105 
104 
108 
102 
10! 


Viral gRNA (RU) 


10° ; 
t 


1011 


) 2 4 6 8 10 12 
Time p.i. (h) 


L NIH 3T3 
Timepi.(h) 4 6 8 10 4 6 8 10 


=~ ~~ == <gRNA 
te < 
= < 

sgRNA 


J. VIROL. 


—e— NH 3873, 20 PFU/cell 
—~— DBT, 5 PFU/cell 


= 
i=] 
r=) 


@ qoes/-s--e [ese 


1 
1 
' 
Nf 
' 
' 
1 
' 
6 8 10 12 
Time p.i. (h) 
Cc 


—¢#— NIH 3T3, MHV —-@-- NIH3T3, mock 
—o -L, MHV —-O-—-L, mock 


108 


10° 


104 


3H-uridine incorporation 
per 10° cells (cprv/h) 


10° 


3-4 5-6 7-8 9-10 


FIG. 4. Viral RNA amplification. Cells were infected with 1 TCIDs, per cell. (A) The kinetics of viral RNA accumulation, g+sgRNA (two 
upper graphs) and gRNA (two lower graphs), in NIH 3T3, L, and DBT cells were determined with RT-qPCR as described in the legend for Fig. 
2B. Vertical dashed lines encompass the exponential phase of viral RNA amplification. The virus doses, in PFU/cell, are shown above the graphs. 
(B) Total RNA from infected cells was subjected to gel electrophoresis, and viral RNA was detected by in-gel hybridization. Arrows indicate 
positions of viral RNA bands. (C) Metabolic labeling of RNA with [*H]uridine in MHV- and mock-infected cells in the presence of actinomycin 
D. NIH 3T3 and L cells were infected with 10 and 1 PFU/cell, respectively (B and C). 


in NIH 3T3 (43%) and L (53%) cells could not explain 
the approximately 10-fold difference in the percentage of the cells 
expressing viral proteins (Fig. 2A, 6 h p.i.) and in the viral 
RNA loads in these cells (Fig. 2B). These results suggest 
that CEACAM1 is not likely to be the factor limiting MHV 
infection and CPE in NIH 3T3 cells and that other host 
factors restrict either virus entry or genome expression in 
NIH 3T3. 

Viral RNA accumulation in NIH 3T3 cells. We next exam- 
ined whether the accumulation of viral RNA in NIH 3T3 was 
decreased because viral RNA replication and transcription 
progressed more slowly in these cells by comparing the rates of 


viral RNA amplification in NIH 3T3, L, and DBT cells. In 
these experiments, we infected cells with 1 TCID., per cell 
using titers that were determined on the respective cell lines. 
As a result, infection was done with the same functional infec- 
tious dose, but, in fact, different numbers of virus particles. L 
cells needed the least amount of virus to be productively in- 
fected. Three- to 5-fold-higher and 10- to 20-fold-higher 
amounts of virus were required to infect monolayers of DBT 
and NIH 3T3 cells, respectively. The results of the infectious 
center assay confirmed that comparable percentages of L (20 
to 30%) and NIH 3T3 (8 to 18%) cells were productively 
infected with 1 TCID<s, per cell. As in the results of the above- 
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described experiment (Fig. 2B), the amounts of viral RNA 
associated with NIH 3T3, L, and DBT cells at 1 h p.i. were 
proportional to the input doses of virus (Fig. 4A). Infection 
with the same functional infectious dose resulted in compara- 
ble concentrations of viral RNA in the exponential phase of 
RNA synthesis, between 3 and 6 h p.i., in the three cell lines. 
The differential rates of gRNA accumulation in NIH 3T3 and 
L or DBT cells were suggested by the different slopes of the 
kinetics graphs in this time interval (Fig. 4A, two lower panels). 
During this period, one viral genome was amplified to yield 3 
to 3.5 genomes in NIH 3T3 cells and 6 and 7 genomes in DBT 
and L cells, respectively, in 1 h. Thus, the hourly rate of viral 
genome amplification in NIH 3T3 cells was, on average, two 
times lower than in L or DBT cells. The rate difference re- 
sulted in 8- to 10-fold differences in gRNA accumulation dur- 
ing 3 h. Differently from gRNA amplification, amplification of 
the g+sgRNA proceeded with a similar rate in NIH 3T3 and L 
or DBT cells between 3 and 5 h p.i. (Fig. 4A, two upper 
panels). However, the decline in the rate of g+sgRNA ampli- 
fication was detected in NIH 3T3 cells 1 h earlier than in L or 
DBT cells already at 6 h p.i. More-rapid accumulation of viral 
RNA in L and DBT cells took place before cell-cell fusion 
could contribute to this process by involving new cells in virus 
replication. Because of the relatively low cell densities in these 
experiments, the syncytia included less than 10% of the nuclei 
of L and DBT cells at 6 h p.i. In-gel hybridization verified that 
the differences in viral RNA accumulation in NIH 3T3 and L 
cells applied to all viral RNAs (Fig. 4B). The differences in the 
rates of viral RNA amplification in NIH 3T3 and L cells were 
confirmed by metabolic labeling of newly synthesized RNA 
with [*H]uridine in the presence of actinomycin D. With this 
method, viral RNA synthesis was not detected at 3 to 4h pike 
(Fig. 4C). Between 5 and 6 h pi, the rate of viral RNA 
synthesis calculated by subtracting [*H]uridine incorporation 
in mock-infected cells from the value in MHV-infected cells 
was two times lower in NIH 3T3 cells than in L cells. Later in 
the infection process, the difference in viral RNA synthesis in 
NIH 3T3 and L cells increased (10-fold at 7 to 8 h and 32-fold 
at 9 to 10h pi). At 12 h p.i., the viral RNA loads in NIH 3T3 
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FIG. 6. Cell density, viral RNA, and cell death in growing and 
stationary cultures of NIH 3T3 cells. Cells in 9-cm? dishes were mock 
or MHV infected (10 PFU/cell). At 4 h p.i., cells in half of the dishes 
were trypsinized and transferred into dishes with an eightfold-larger 
surface area. The incubation medium of stationary monolayers was 
supplemented with 3% FCS, and that of growing monolayers with 8% 
FCS. At daily intervals, the number of viable cells per dish was counted 
and cell density was calculated (A), total cellular RNA was isolated for 
analysis of viral RNA content by RT-qPCR as described in the legend 
for Fig. 2B (B), and the incubation medium was assayed for activity of 
AK as a marker of cell death (C). Average values of cell density and 
AK activity of duplicate dishes are shown. Ranges are indicated in 
panels A and C. 


cells were approximately 1 log lower than in L or DBT cells 
(Fig. 4A). 

Altogether, these results showed that the rate of viral RNA 
accumulation in NIH 3T3 cells was reduced in comparison with 
the rate in L or DBT cells in which MHV does induce a rapid 
CPE. 
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Viral RNA and CPE in growing NIH 3T3 cells. The obser- 
vation that the residual cellular RNA synthesis in the presence 
of actinomycin D in mock-infected NIH 3T3 cells was also 1 
log lower than in L cells (Fig. 4C) prompted us to investigate 
whether this difference has any impact on the rate of viral RNA 
synthesis. We first compared the rates of cellular RNA synthe- 
sis in untreated cells. When cells were not treated with actino- 
mycin D, the cellular RNA synthesis was also 10 times slower 
in NIH 3T3 cells than in L cells (data not shown). The rates of 
viral RNA synthesis apparently correlated with the rates of 
cellular RNA synthesis in NIH 3T3 and L cells. We next ex- 
amined the possibility of increasing cellular RNA synthesis in 
NIH 3T3 cells by varying the cell densities. The highest cell 
density tested was similar to the one used for infection exper- 
iments, and at this density, the NIH 3T3 cells did not grow 
further because of contact inhibition. The incorporation of 
[?H]uridine was much higher in the growing monolayers with 
low cell densities (Fig. 5). The rate of protein synthesis also 
increased in growing cells but to a lesser extent. At the smallest 
and largest cell densities, the rates of RNA and protein syn- 
thesis differed by 12- and 3.5-fold, respectively. 

Next, we investigated whether MHV infection in growing 
NIH 3T3 cells with active RNA synthesis would result in a 
higher accumulation of viral RNA and, possibly, a more-pro- 
nounced CPE. We infected NIH 3T3 cells with 10 PFU per 
cell. Four hours later, cells from half of the dishes were trans- 
ferred to larger ones, thus removing contact inhibition and 
providing conditions for cell growth. At daily intervals, we 
compared cell densities, loads of viral RNA, and the extent of 
cell death in growing and contact-inhibited, stationary mono- 
layers (Fig. 6A to C). Cells at low density, both MHV- and 
mock-infected cells, grew at a similar rate till day 3, when the 
cell growth slowed down because of contact inhibition (Fig. 
6A). There was no increase of viral RNA accumulation during 
the period of cell growth on days 1 and 2 (Fig. 6B). In both 
growing and stationary cultures, the load of viral RNA dimin- 
ished between day 1 and 2. The reduction in viral RNA levels 
could be due to infected-cell death. However, the extent of cell 
death measured by the activity of AK was similar in all cul- 
tures, mock and MHV infected, growing, or stationary, till day 
3 (Fig. 6C). The increase in cell death was detected in station- 
ary monolayers, both MHV and mock infected, at days 3 and 
4 p.i., possibly because of depletion of growth and attachment 
factors in the culture medium (42). These results showed that 
infection of actively dividing NIH 3T3 cells did not result in an 
increase of viral RNA accumulation or virus-induced cell 
death, suggesting that the relatively low level of viral RNA in 
NIH 3T3 cells has another origin than slow synthesis of cellular 
RNA during contact inhibition. 


DISCUSSION 


Whether cells will die from a productive viral infection is 
determined by virus-cell interaction rather than being a prop- 
erty of a virus strain or of particular host cells. The same virus 
can cause cytopathic and noncytopathic infections in different 
host cells. On the other hand, both types of infections can 
occur in the same cells infected with variants of the same virus 
(9, 17, 47). The cytopathic infection of coronavirus MHV-A59 
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in established cell lines has been a subject of many studies. 
Most of the productive, noncytopathic MHV infections de- 
scribed so far have been studied in primary cells or nontrans- 
formed cell lines (19, 27, 30). In this report, noncytopathic 
MHV infection in a 3T3 cell line that was documented earlier 
(40) was characterized with methods not available 35 years ago 
in order to identify mechanisms which define the noncyto- 
pathic program. 

We confirmed earlier observations that MHV infection in 
NIH 3T3 cells is productive and does not affect the monolayer 
appearance and density in the acute phase of infection. In the 
parallel infections, the majority of cells in, for instance, L, 
DBT, or Sac(-) cultures were killed by MHV within 1 day p.i. 
Using quantitative assays, we extended the original observation 
to demonstrate that MHV infection did not accelerate cell 
death in NIH 3T3 cells in comparison with the rate of cell 
death in mock-infected control cells up to day 4 p.i. (Fig. 6A, 
C). Since viral genome expression was found in only a fraction 
of NIH 3T3 cells in the acute (Fig. 2A) and persistent (O. 
Slobodskaya, Y. van der Meer, and W. J. M. Spaan, unpub- 
lished results) phases of infection, we cannot exclude the pos- 
sibility that cells expressing viral products die nonsynchro- 
nously and undetected. While the fate of individual cells in the 
infected culture is yet to be elucidated, the survival for up to 1 
month of productively infected NIH 3T3 monolayers, visually 
indistinguishable from uninfected controls, supports the clas- 
sification of this infection as noncytopathic. 

We found that, despite high yields of virus, infection in NIH 
3T3 cells was characterized by a relatively low accumulation of 
viral RNA. Diverse processes involved in the viral life cycle 
might be rate limiting, resulting in a decreased accumulation of 
viral RNA. Inefficient entry or postentry steps preceding RNA 
synthesis will either limit the number of input RNA molecules 
which initiate replication and transcription or delay the start of 
RNA synthesis, similarly resulting in a relatively slow RNA 
accumulation. The possibility that insufficient expression of the 
MHV receptor CEACAM1 in NIH 3T3 cells was responsible 
for the restriction of infection was, however, ruled out. A delay 
in RNA accumulation might also be due to slow viral RNA 
replication and transcription per se. We found that the rate of 
viral RNA amplification in the exponential phase of viral RNA 
synthesis, between 3 and 6 h p.i., was, indeed, reduced in NIH 
3T3 cells in comparison with the rate in other cell lines. Mech- 
anistically, a 2-fold difference in hourly rates of gRNA ampli- 
fication could account for the 10-fold-differential RNA accu- 
mulation in cytopathic and noncytopathic infections during the 
early phase of infection, i.e., the first 3 h. However, since we 
cannot exclude the possibility that other processes in the early 
phase of the virus life cycle were also affected in NIH 3T3 cells, 
the modulation of these processes might also have contributed 
to the observed differences in viral RNA accumulation. 

The absence of a positive correlation of intracellular viral 
RNA levels and virus yield in NIH 3T3 cells was surprising but 
has a precedent. Cytopathic and noncytopathic strains of bo- 
vine viral diarrhea virus (BVDV), a pestivirus, had up to a 
10-fold difference in intracellular virus RNA accumulation al- 
though they produced similar virus yields (17). This and our 
observations suggest that, in productive viral infection in cul- 
tured cells, a relatively small fraction of viral products, gRNA 
and proteins, assembles into viral particles. Host-controlled 
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processes, e.g., protein maturation, folding, and transport, may 
be limiting steps in virus production. 

The inhibition of viral RNA accumulation of another virus, 
hepatitis C virus, was found to be associated with the confluent 
density of Huh-7 monolayers (28, 34). It was shown that 
smaller intracellular pools of RNA nucleosides in contact- 
inhibited cultures with low cellular RNA synthesis are respon- 
sible for limited synthesis of hepatitis C viral RNA (26). We 
explored whether a similar mechanism plays a role in the 
reduced synthesis of coronavirus RNA in contact-inhibited 
NIH 3T3 cells. Our results showed that the coronavirus RNA 
synthesis in NIH 3T3 cells is not linked to the level of cellular 
transcription. The induction of INT response was also ruled 
out as a mechanism of infection restriction in NIH 3T3. 

Relatively slow viral RNA accumulation appears to be a 
prerequisite for noncytopathic infections. The correlation of 
decreased cytopathicity and decreased viral RNA amplification 
was described for a number of RNA-containing viruses, such as 
the picornavirus hepatitis A virus (47), alphavirus Sindbis virus 
(9), and pestivirus BVDV (17). Slow kinetics of the accumu- 
lation of viral products in the beginning of infection might 
allow a time frame for the induction of cellular responses 
which later might control virus replication and the spread of 
infection between cells and ensure cell survival. The pure dose 
effect of viral products, however, may not completely explain 
the development of either cytopathic or noncytopathic pro- 
grams. The delay of viral RNA accumulation does not neces- 
sarily result in the absence of CPE, as demonstrated by the 
cytopathic infection of some MHV-A59 mutants with delayed 
RNA synthesis (4, 13). The last observation suggests that rel- 
atively dose-independent specific interactions of viral products 
with cellular counterparts play a role in both viral RNA rep- 
lication and CPE development. Comparative studies of cyto- 
pathic and noncytopathic infections resulted in the identifica- 
tion of the 2BC protein in picornaviruses (47) and the nsp2 
protein in Sindbis virus (9) as the viral determinants responsi- 
ble for efficient viral RNA synthesis and CPE, and this allowed 
further research into the nature of the cytotoxicity of these 
viral products (3, 12). In the same way, the study of the intri- 
cate regulation of BVDV RNA amplification revealed the role 
of a host cofactor in the control of the infection outcome (16, 
17). The use of NIH 3T3 cells as a host for noncytopathic 
MHV infection may help in the identification of coronavirus 
and host factors involved in the regulation of viral RNA syn- 
thesis and CPE development. 

Most of this study was focused on parameters of viral RNA 
replication which provided average values for the cell lines. 
The analysis of viral protein expression on the level of individ- 
ual cells revealed the heterogeneity of the infected NIH 3T3 
cell population despite these cells being genetically uniform. 
The large amplitude of virus-encoded GFP expression per cell 
(Fig. 2A, 12 h p.i.) suggests that a hypothetical host factor 
controlling the replication of viral RNA is expressed unequally 
within an NIH 3T3 cell population. The heterogeneity of this 
host factor expression is likely to contribute to MHV persis- 
tence in NIH 3T3 cells in a manner similar to the heterogeneous 
expression of MHV receptor CEACAM1, which was shown to 
be responsible for MHV persistence in 17Cl 1 and DBT cells 
(6, 32) by ensuring that only a fraction of the cell population 
is permissive to efficient virus replication. The pattern of 
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CEACAM1 expression that supported persistent infection in 
17Cl 1 and DBT cells was achieved by cytopathic infection- 
driven selection of the cells. In contrast, the heterogeneous 
mode of the hypothetical host factor expression in NIH 3T3 is 
physiological, thus allowing noncytopathic, persistent MHV 
infection from the beginning. 

An interesting finding demonstrated that oncogenic trans- 
formation of cells changed the fate of coronavirus infection in 
these cells from noncytopathic to cytopathic (40). We repro- 
duced this result, having obtained derivative cultures of an 
NIH 3T3 line which lost contact inhibition and in which MHV 
infection became cytopathic (O. Slobodskaya and W. J. M. 
Spaan, unpublished results). If the cytopathicity of coronavirus 
infection is controlled by a mechanism regulating cell growth, 
the proposal to use coronaviruses as therapeutic agents in 
treating tumors will be further substantiated. Enhanced viral 
replication and CPE in transformed cells targeted by corona- 
virus, as suggested by Wurdinger et al. (45), by means of an 
engineered tumor-specific receptor affinity might ensure effec- 
tive killing of these cells. The knowledge of the mechanisms of 
host-specific control of coronavirus RNA synthesis, on one 
hand, and virus impact on host cells, on the other hand, could 
advance our understanding of virus tissue tropism and infec- 
tion pathogenesis. 
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